It may not be intuitively obvious why there would be a need to image objects in their entirety that are on the order of several millimeters to several centimeters in size with an SEM, but as we hope to demonstrate, not only is wide-field scanning electron microscopy a valuable technique, but one that has potentially transformative capabilities in the interdisciplinary fields that rely on multidimensional morphological analyses.
It may not be intuitively obvious why there would be a need to image objects in their entirety that are on the order of several millimeters to several centimeters in size with an SEM, but as we hope to demonstrate, not only is wide-field scanning electron microscopy a valuable technique, but one that has potentially transformative capabilities in the interdisciplinary fields that rely on multidimensional morphological analyses.
A major advancement in this area of research came about with the development of the unique 4-lens electron optics system (Fig. 1a) that was first introduced into the Vega line of scanning electron microscopes by Tescan (Czech Republic). The Vega column consists of a high brightness tungsten electron gun, an electromagnetic beam centering system below the anode, a doublet condenser lens system with a spray aperture, an intermediate lens with its own There has been significant progress in recent years aimed at pushing the spatial resolution limits of scanning electron microscopes. Many of these endeavours have been driven by advances in the field of nanotechnology and the need to investigate the morphological features of sub-micron size materials. While scanning electron microscopy is indeed a powerful tool for investigating objects at length-scales that are prohibitive using standard optical microscopy techniques, SEMs are equally useful in characterizing the micro-and macro-scale architectures of transparent, highly reflective, or morphologically complex materials. Despite this great potential, until recently, the maximum feature sizes that could be successfully imaged in a scanning electron microscope were on the order of a few millimeters and the thought of routinely imaging objects on the order of 10s of centimeters in a single dimension, in a single image seemed unimaginable. New advances in SEM column design, however, are beginning to change all of this. electromagnetic centering system, and a low-aberration conical objective lens with integrated scanning and stigmator coils.
In standard high-resolution imaging mode, the condenser lenses are controlled as a zoom condenser, the intermediate lens is off, and the objective lens projects the focused electron beam onto the specimen surface with a minimum spot size. The results are high spatial resolution, but limited field diameter and a reduced depth of field (Fig. 1b) .
In the wide-field imaging mode, which is the focus of the current article, the electron beam is focused on the specimen surface by means of the intermediate lens (IML) . The objective lens is operated at maximum excitation and the scan coils are adjusted so as to utilize the entire area of the final lens bore. In this configuration, a very high deflection angle and an extra-large field of view are obtained (Fig. 1c) . Since the angular aperture is therefore very small, the result is an exceptionally high depth of field and the image is focused in all accessible positions of the specimen stage (Figs. 2-4 ). This lens configuration can be used for both secondary and backscattered electron imaging in conjunction with elemental mapping via energy dispersive spectroscopy (EDS) so that both topographical and compositional information can be obtained from a given sample.
The magnetite crystal cluster shown in Fig. 2 and the wurtzite and quartz sample shown in Fig. 3 provide excellent examples of what is possible using a combination of these imaging techniques for the examination of morphologically complex, transparent, and highly reflective samples. The magnetite mineral sample measures nearly 10 cm across and was imaged in its entirety using the wide-field imaging mode of the Vega SEM. By combining information obtained from both scanning electron and optical microscopy, it is possible to clearly visualize the large-scale organization of the crystal aggregate as well as the frequency of twinning events during crystal nucleation and growth. In addition, the distribution and abundance of minor mineral phases and contaminants can easily be identified from the backscattered electron micrographs. In addition to the use of standard backscattered imaging for the visualization of compositionally distinct mineral phases, additional topographical information can be simultaneously obtained from the sample through the asymmetrical collection of backscattered signals from the sample surface by the off-center positioning of the BSE detector (Fig. 3) .
During imaging, the electron beam is focused at a single distance from the pole piece of the objective lens in a convergent geometry onto a spot at the sample surface. As the surface of the sample moves away from the focal plane, this spot enlarges into a circle of confusion.
Eventually this circle of confusion becomes large enough so that information from adjacent pixels overlaps and the image loses acceptable focus. The region above and below the focal plane that is considered to be in an acceptable focus defines the depth-of-field of the image.
Depth-of-field in a conventional SEM is traditionally controlled by changing the size of the final aperture and increasing the working (Fig. 4c, d ) extends from just above the 16/32 rule line to the 17/32 rule line. The wide-field mode image (Fig. 4a, b) shows the entire image to be in acceptable focus. A second benefit of the widefield mode is the minimization of perspective distortion. The resolution mode image shows the 1/32 inch rule marks converging to the center of the image as the surface of the sample recedes from the pole piece.
The wide-field mode image shows almost none of this effect. For large samples exhibiting extremes in surface topography, this angular distortion in traditional SEM imaging can make the tiling of multiple images to form a large mosaic problematic and often times logistically impossible, highlighting the need for wide-field SEM imaging techniques. Fig. 4e shows the same ruler imaged in its entirety with the wide-field mode.
The ruler is tilted approximately 55° from horizontal. The calculated depth-of-field for this image is 104 mm and the entire ruler is in focus.
One field that has traditionally relied on the use of SEMs with high spatial resolution is the semiconductor industry. This has been largely due to the continuous quest for device miniaturization for applications including microelectronics, hydrogen production, photovoltaics, solid-state lighting, thermoelectric devices, and biological sensors and probes. Traditionally, these nano-and micro-scale materials are synthesized in the laboratory often under non-equilibrium conditions using high vacuum and temperature, using chemical vapor deposition or molecular beam epitaxy, and on foreign surfaces (i.e., heterostructures), to achieve the purity and crystal quality necessary for their intended application.
Nature, on the other hand, has synthesized its own semiconducting minerals under a wide range of temperatures (25°C < T > 1000°C) and pressures (1 atm < P > 100 atm) from aqueous, molten or hydrothermal states. These materials, however, are typically not nano-scaled and often exhibit equilibrium structures that are at the millimeter to centimeter length-scale, far beyond the dimensions that can be routinely imaged using traditional SEM approaches.
Here, we highlight the use of the unique 4-lens wide-field electron optical system of the Tescan Vega SEM for the morphological characterization of semiconducting geological minerals (Figs. 5-11)
Fig. 4 Comparison between wide-field (a, b) and resolution (c, d) modes in the Vega SEM using a 6-inch ruler tilted ca. 85° from horizontal. The convergent image distortion in the resolution mode at this extreme angle of tilt is clearly visible and is illustrated by the presence of the red lines in the micrograph. The same ruler (e), which is entirely in focus has been tilted at ca. 55° from horizontal and imaged in its entirety using the wide-field mode. These demonstrations clearly illustrate the distortion-free and remarkably high depth of field achievable using this unique imaging technique.
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Fig. 6 Sphalerite crystals on an iron oxide matrix. Sphalerite, another ZnS wide band gap (Eg) semiconducting mineral (Eg ~ 3.54eV), crystallizes in the cubic system (named zincblende), demonstrates dodecahedral cleavages, and euhedral morphologies. Although the sphalerite mineral does not have any direct technological application, it is one of the chief sources of zinc. Sphalerite is commonly found in hydrothermal veins or as fracture fillings, cavity fillings and replacements in limestone. It is one of the very few minerals that contain a total of six directions of cleavage. If all of them were to be perfectly cleaved on a single crystal it would form a rhombic dodecahedron. (a-c) Backscattered electron micrographs of sphalerite crystals showing their characteristic growth forms; (d) EDS x-ray map of the BS-SEM image shown in (c). Zn is shown in yellow and Fe in blue. The common positive and negative tetrahedral crystal growth form is shown in (e) and the unit cell in (f).

Fig. 5 Wurtzite surrounded by quartz crystal aggregates. Wurtzite is a wide band gap (Eg) semiconducting mineral (Eg ~ 3.91eV) that crystallizes in the hexagonal system and demonstrates both radial and tabular morphologies. It is composed of ZnS and is typically formed under hydrothermal conditions. Although the wurtzite mineral does not have any direct technological applications, synthetic analogues have wide utility in optical and photovoltaic applications. (a-c) Backscattered electron micrographs of wurtzite crystals showing their characteristic growth forms; (d) EDS x-ray map of the BS-SEM image shown in (c). Zn is shown in purple and Si in green. The hexagonal prism with a dihexagonal pyramid terminated by a hexagonal pyramid crystal form is shown in (e) and the unit cell in (f).
(
Fig. 8 Realgar surrounded by orpiment and quartz crystal aggregates. Realgar, an orange-red, mid-visible band gap (Eg) semiconducting mineral (Eg ~ 2.5eV) is composed of arsenic sulphide (AsS), crystallizes in the monoclinic crystal system and demonstrates prismatic morphologies. It is found in low-temperature hydrothermal veins, volcanic residues and hot-spring deposits. Historically, It was used as a pigment by the Roman Empire for coloring household items such as cups and pots, and as a medicine in China. It was also used in other kinds of ornaments and charms, worn about the person to ward off disease, yet ironically, it is highly toxic. (a-c) Backscattered electron micrographs of realgar crystals showing their characteristic growth forms; [(c) is from a different sample surrounded by calcite]; (d) EDS x-ray map of the BS-SEM image shown in (c). As is shown in red and Ca in yellow. The common prismatic crystal growth form is shown in (e) and the unit cell in (f).
Fig. 7 Anatase crystals on an aluminosilicate matrix. Anatase, a wide band gap (Eg) semiconducting mineral (Eg ~ 3.2eV), is composed of titanium dioxide that crystallizes in the tetragonal system and demonstrates both double pyramidal and prismatic morphologies. It is always found as small, isolated and sharply developed crystals. The common pyramid of anatase, parallel to the faces of which there are perfect cleavages, has an angle over the polar edge of 82°9'. Synthetic versions of anatase prepared through sol-gel processing via the controlled hydrolysis of titanium tetrachloride (TiCl 4 ) or titanium alkoxides are of considerable interest for photocatalysis and for Graetzel-cell photovoltaics. (a-c) Backscattered electron micrographs of anatase crystals showing their characteristic growth forms; (d) EDS x-ray map of the BS-SEM image shown in (c). Ti is shown in blue and Al in orange. The common tetragonal dipyramidal crystal growth form is shown in (e) and the unit cell in (f).
(e) (f) Fig. 10 Pyrite surrounded by quartz crystal aggregates. Pyrite, a semiconducting mineral (band gap, Eg, 0.95eV) , is composed of iron sulphide (FeS 2 
quartz). (a-c) Backscattered electron micrographs of cinnabar crystals showing their characteristic growth forms; (d) EDS x-ray map of the BS-SEM image shown in (c). Hg is shown in yellow and Ca in orange. The hexagonal prism and trigonal trapezohedron crystal growth form is shown in (e) and the unit cell in (f).
(e) (f) Fig. 12 Emission wavelength comparison of the specific semiconducting minerals discussed in this article, which range from the ultraviolet, through the visible, and into the infrared. 
(a-c) Backscattered electron micrographs of galena crystals showing their characteristic growth forms; (d) EDS x-ray map of the BS-SEM image shown in (c). Pb is shown in green and Si in orange. The common combined cube and octahedron crystal growth form is shown in (e) and the unit cell in (f).
which span the band gap range from 0.4 eV (for galena) to 3.91 eV (for wurtzite) (Figure 12 ). All mineral samples were examined uncoated in their native state using the backscattered electron detector to emphasize the compositional (elemental) heterogeneity of the different minerals present. EDS analysis was performed using an IXRF systems energy dispersive spectrometer to verify the elemental composition and for each figure, the growth habit and unit cell of each mineral is included.
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